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[Title of the Invention] METHOD FOR PRODUCING FUNCTIONAL 
NANOMATERIAL UTILIZING ENDOTHERMIC REACTION 
[Abstract] 

[Problem] To provide methods for efficiently producing single 
5 wall carbon nanotubes, single wall boron nitride nanotubes, 
single wall silicon carbide nanotubes, multiwall carbon 
nanotubes with a controlled number of layers, multiwall boron 
nitride nanotubes with a controlled number of layers, multiwall 
silicon carbide nanotubes with a controlled number of layers, 
10 me tal - containing fullerenes, and metal - con taining fullerenes 
with a controlled number of layers. 

[Means for Solving the Problem] During the generation of a 
multiwall carbon nanotube 3 by chemical vapor deposition or 
liquid phase deposition, an endothermic reaction aid (H 2 S) is 
15 added together with the main reactants (CH 4 , H 2 ) for chemical 
vapor deposition or liquid phase deposition, thereby generating 
a single wall carbon nanotube 4. 
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[Scope of Claims] 

[Claim 1] A method for producing a functional nanomaterial 
utilizing endothermic reaction, comprising, when multiwall 
carbon nanotubes are generated by chemical vapor deposition 
5 or liquid phase deposition, adding an endothermic reaction aid 
together with main reactants for chemical vapor deposition or 
liquid phase deposition, thereby generating single wall carbon 
nanotubes . 

[Claim 2] A method for producing a functional nanomaterial 
10 utilizing endothermic reaction, comprising heat-treating 

multiwall nanotubes in a vapor phase containing an endothermic 
reactantorinaliquidphasecontaininganendothermicreactant, 
thereby converting the multiwall nanotubes into single wall 
nanotubes . 

15 [Claim 3] A method for producing a functional nanomaterial 
utilizing endothermic reaction, comprising heat-treating 
multiwall nanotubes in a vapor phase containing a controlled 
amount of endothermic reactant or in a liquid phase containing 
a controlled amount of endothermic reactant thereby converting 

20 the multiwall nanotubes into nanotubes having an arbitrary 
number of layers. 

[Claim 4] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to Claim 2 or 3, wherein 
the multiwall nanotubes are multiwall carbon nanotubes, 
25 multiwall boron nitride nanotubes, or multiwall silicon carbide 
nanotubes . 

[Claim 5] A method for producing a functional nanomaterial 



JP2003 -146631A 



utilizing endothermic reaction, comprising heat-treating 
single wall nanotubes containing a metal in a vapor phase 
containing an endothermic reactant, or in a liquid phase 
containing an endothermic reactant, thereby cleaving the single 
5 wall nanotubes to generate me tal - containing fullerenes. 

[Claim 6] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to Claim 5, wherein 
the single wall nanotubes are single wall carbon nanotubes, 
single wall boron nitride nanotubes, or single wall silicon 

10 carbide nanotubes. 

[Claim 7] A method for producing a functional nanomaterial 
utilizing endothermic reaction, comprising heat-treating 
multiwall nanotubes containing me tal - containing fullerenes in 
a vapor phase containing an endothermic reactant, or in a liquid 

15 phase containing an endothermic reactant, thereby cleaving the 
multiwall nanotubes to generate me t al - con taining multiwall 
fullerenes . 

[Claim 8] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to Claim 7, wherein 
20 the multiwall nanotubes are multiwall carbon nanotubes, 

multiwall boron nitride nanotubes, or multiwall silic on carbide 
nanotubes . 

[Claim 9] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to any one of Claims 
25 5 to 8, wherein the metal is gadolinium (Gd) . 

[Claim 10] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to any one of Claims 
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1 to 9, wherein the endothermic reaction aid and the endothermic 
reactant are each any one of hydrogen sulfide (H 2 S), carbon 
monoxide (CO) , nitrous oxide (N 2 0) , sulfur (S) , and water (H 2 0) , 
or a mixture of them. 
5 [Claim 11] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to Claim 1, wherein 
in the chemical vapor deposition, a volatile hydrocarbon and 
hydrogen as main reactants are excited by microwave plasma to 
generate multiwall carbon nanotubes using metallic fine 
10 particles as catalyst. 

[Claim 12] The method for producing a functional nanomaterial 
utilizing endothermic reaction according to Claim 1, wherein 
in the liquid phase deposition, an organic liquid as a main 
reactant is heated to generate multiwall carbon nanotubes using 
15 metallic fine particles as catalyst. 

[Detailed Description of the Invention] 

[0001] 

[Technical Field] The present invention relates to methods 
forproducing single wall nanotubes, multiwall nanotubes having 
20 a controlled number of layers, me tal - containing fullerenes, 
and metal - containing multiwall fullerenes. 
[0002] 

[Prior Art] Nanotubes such as carbon nanotubes, boron nitride 
nanotubes, and silicon nitride nanotubes have remarkably small 
25 dimensions and unique structures, and thus have received 

attention as materials having unprecedented new functions. 
There are two types of nanotubes, single wall nanotubes composed 
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of a single external wall and multiwall nanotubes composed of 
multiple external walls. In particular, single wall nanotubes 
have better functions. 

[ 00 03 ] For example, carbon nanotubes have a negative electron 
5 affinity, and thus serve as excellent emissive materials 

utilizing electron field emission. The efficiency of electron 
emission depends on the apical curvature, so that single wall 
nanotubes provide better efficiency of electron emission than 
multiwall nanotubes having large diameters. A cold-cathode 

10 tube composed of single wall nanotubes has a remarkably low 
threshold voltage. It is known that a light emitting device 
composed of the cold-cathode tube provides a higher luminous 
quantum efficiency than a GaN-based light emitting diode which 
is known to have a remarkably high luminous quantum efficiency. 

15 In order to improve the mechanical strength of a metal or a 
synthetic resin, they have been mixed with fibrous material 
reinforcers to make composite materials. For example, glass 
fibers, carbon fibers, and recently multiwall carbon nanotubes 
have been used as material reinforcers. It is known that higher 

20 mechanical strength is achieved as the size of the material 
reinforcer decreases, and as the uniformity of mixing is improved. 
The mechanical strength is further improved by replacing the 
multiwall carbon nanotubes with single wall carbon nanotubes 
having smaller diameters. Hydrogen is expected to serve as 

25 a future essential fuel, but is hard to store safely and at 
a high density. A known method for storing hydrogen employs 
a nickel-based hydrogen storing alloy, but the method is still 
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not practical because nickel is heavy and has a low energy density 
ratio per unit weight. Single wall nanotubes are expected to 
serve as hydrogen storage materials because they have hydrogen 
storing properties and remarkably light weights. However, 
5 single wall nanotubes are still not practical because they are 
remarkably difficult to produce on a large scale. 

[0 004 ] Me tal - con taining fullerenes are functional 
nanomaterials having similar structures to nanotubes, and have 
unique structures depending on the metal contained therein. 
10 Thus, metal - containing fullerenes are expected to serve as 
catalysts in various fields. However, they are still not 
practical because it is difficult to efficiently produce 

fullerenes having specific structures. 

[0005] 

15 [Problems to be Solved by the Invention] A known method for 
generating single wall carbon nanotubes includes the steps of 
generating multiwall carbon nanotubes, and heat-treating the 
multiwall carbon nanotubes in a plasma of oxygen, carbon dioxide, 
or hydrogen, thereby gasifying the multiple graphite layers 

20 of the multiwall carbon nanotubes to convert the multiple walls 
to a single wall (seeJ. Mater. Sci. 34, 1169 (1999)). However, 
according to the method, the gasification of the graphite layers 
is exoergic reaction, so that the reaction speed rapidly varies , 
which makes it difficult to control the number of layers to 

25 be gasified. In addition, gasification will not uniformly 
proceed all over the product, which results in remarkably poor 
yields. In another method for generating single wall carbon 



6 



JP2003 - 14663 1A 

nanotubes, multiple graphite layers of multiwall carbon 
nanotubes are gasified using an oxidant such as KMn0 4 , H 2 0 2 . 0 3f 
or HCIO4, thereby converting the multiple walls into a single 
wall (see Solid State Ionics 141-142, 203 (2001)). However, 
5 according to the method using an oxidant, the structure of carbon 
nanotubes tends to be vary, which makes it difficult to 
efficiently generate single wall carbon nanotubes having 
complete structures. 

[0006] As described above, single wall nanotubes and 
10 me tal - containing fullerenes are expected to serve as new 

materials having various new functions. However, there is no 
method for producing them at a low cost, or in an industrially 
acceptable yield. 

[0007] In view of the above problems, the present invention 
15 is intended to provide methods for efficiently producing single 
wall carbon nanotubes, single wall boron nitride nanotubes, 
single wall silicon carbide nanotubes, multiwall carbon 
nanotubes with a controlled number of layers, multiwall boron 
nitride nanotubes with a controlled number of layers, multiwall 
20 silicon carbide nanotubes with a controlled number of layers, 
me tal - containing fullerenes, and me tal - containing fullerenes 
with a controlled number of layers. 
[0008] 

[Means for Solving the Problem] In order to achieve the above 
25 object, a method of the present invention for producing a 
functional nanomaterial utilizing endothermic reaction 
includes, when multiwall carbon nanotubes are generated by 
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chemical vapor deposition or liquid phase deposition (see 
Japanese Patent Application No. 2 0 01-19 3 6 2 9), adding an 
endothermic reaction aid together with main reactants for 
chemical vapor deposition or liquid phase deposition, thereby 
5 generating single wall carbon n an otubes. In the chemical vapor 
deposition, for example, a volatile hydrocarbon and hydrogen 
as the main reactants are excited by microwave plasma in the 
presence of iron fine particles as the catalyst to generate 
multiwall carbon nanotubes. In the liquid phase deposition, 

10 for example, an organic liquid as the main reactant is heated 
in the presence of iron fine particles as the catalyst to generate 
multiwall carbon nanotubes. The endothermic reaction aid is, 
for example, any one of hydrogen sulfide (H 2 S) , carbon monoxide 
(CO), nitrous oxide (N 2 0), sulfur (S), and water (H 2 0), or a 

15 mixture of them. Under the system, the endothermic reaction 
aid endo thermical ly inhibits the growth of multiwall carbon 
nanotubes, whereby single wall carbon nanotubes are efficiently 
generated . 

[0009] The method of the present invention for producing a 
20 functional nanomaterial utilizing endothermic reaction also 
includes heat-treating multiwall nanotubes in a vapor phase 
containing an endothermic reactant or in a liquid phase 
containing an endothermic reactant, thereby converting the 
multiwall nanotubes into single wall nanotubes. The 
25 endothermic reactant is any one of hydrogen sulfide (H 2 S) , carbon 
monoxide (CO), nitrous oxide (N 2 0) , sulfur (S), and water (H 2 0) , 
or a mixture of them. The multiwall nanotubes are, for example, 
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multiwall carbon nanotubes, multiwall boron nitride nanotubes, 
or multiwall silicon carbide nanotubes. Under the system, the 
endothermic reactant endothermically peels the multiple walls 
of the multiwall nanotubes. The peeling reaction is 
5 endothermic, and thus the reaction speed is favorably controlled. 
Accordingly, the multiwall nanotubes are remarkably 
efficiently converted into single wall nanotubes. 
[0010] The method of the present invention for producing a 
functional nanomaterial utilizing endothermic reaction also 

10 includes heat-treating multiwall nanotubes in a vapor phase 
containing a controlled amount of endothermic reactant or in 
a liquid phase containing a controlled amount of endothermic 
reactant, thereby converting the multiwall nanotubes into 
nanotubes having an arbitrary number of layers. The 

15 endothermic reactant is any one of hydrogen sulfide (H 2 S) , carbon 
monoxide (CO) , nitrous oxide (N 2 0) , sulfur (S) , and water (H 2 0) , 
or a mixture of them. The multiwall nanotubes are, for example, 
multiwall carbon nanotubes, multiwall boron nitride nanotubes, 
or multiwall silicon carbide nanotubes. Under the system, the 

20 speed of the peeling reaction of the multiwall nanotubes can 
be controlledby changing the amount of the en do thermic reactant. 
Accordingly, the multiwall nanotubes can be efficiently 
converted into nanotubes having an arbitrary number of layers. 
[0011} The method of the present invention for producing a 

25 functional nanomaterial utilizing endothermic reaction also 
includes heat-treating me tal - containing single wall nanotubes 
in a vapor phase containing an endothermic reactant, or in a 
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liquid phase containing an endothermic reactant, thereby 
cleaving the single wall nanotubes to generate metal - containing 
fullerenes. The endothermic reactant is any one of hydrogen 
sulfide (H 2 S) , carbon monoxide (CO) , nitrous oxide <N 2 0) , sulfur 
5 (S), and water (H 2 0) , or a mixture of them. The single wall 
nanotubes are , for example, single wall carbon nanotubes , single 
wall boron nitride nanotubes, or single wall silicon carbide 
nanotubes. The contained metal is, for example, gadolinium 
(Gd) . Under the system, the endothermic reactant 
10 endothermical ly cleaves the in t erme t a 1 1 i c graphite layer of 
the single wall nanotubes through shrinkage reaction to generate 
me tal - containing fullerenes. In this way, the 
me tal - containing fullerenes are remarkably efficiently 
generated . 

15 [0012] The method of the present invention for producing a 
functional nanomaterial utilizing endothermic reaction also 
includes heat-treating me tal - containing multiwall nanotubes 
in a vapor phase containing an endothermic reactant, or in a 
liquid phase containing an endothermic reactant, thereby 

20 cleaving the multiwall nanotubes to generate me tal - containing 
fullerenes covered with multiple walls. The endothermic 
reactant is any one of hydrogen sulfide (H 2 S) , carbon monoxide 
(CO), nitrous oxide (N 2 0) , sulfur (S), and water (H 2 0) , or a 
mixture of them. The multiwall nanotubes are, for example, 

25 multiwall carbon nanotubes, multiwall boron nitride nanotubes, 
or multiwall silicon carbide nanotubes. The metal is, for 
example, gadolinium (Gd) . Under the system, the endothermic 
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reactant endothermically cleaves the in terme ta 1 1 i c multiple 
walls of the multiwall nanotubes through shrinkage reaction 
to generate metal - containing fullerenes covered with multiple 
walls. In this way, the me tal - containing multiwall fullerenes 
5 are remarkably efficiently generated. 
[0013] 

[Description of the Embodiments] Embodiments of the present 
invention will be described in detail with reference to the 
following drawings. First, the method of the present invention 

10 for producing a functional nanomaterial utilizing endothermic 
reaction according to claim 1 will be explained. The method 
allows efficient generation of single wall carbon nanotubes. 
Fig. 1 shows the method of the present invention for producing 
single wall carbon nanotubes, and the generation mechanism of 

15 single wall carbon nanotubes. Fig. 1(a) shows the process and 
mechanism of the generation of multiwall carbon nanotubes by 
chemical vapor deposition in the case of adding no endothermic 
reaction aid. Fig. 1(b) shows the process and mechanism of 
the generation of single wall carbon nanotubes by chemical vapor 

20 deposition in the case of adding an endothermic reaction aid. 
[0014] In Fig. 1(a), ST1 shows washing of a substrate, wherein 
a substrate 1 is, for example, a diamond substrate or an Si 
substrate, and the washing method is, for example, organic 
washing and heat treatment in a reducing atmosphere. ST2 shows 

25 attachment of catalyst particles 2, wherein the catalyst 

particles 2 are, for example, fine iron particles 2, and the 
catalyst particles 2 may be attached by applying the fine iron 
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particles 2 to the substrate 1, or by forming a thin iron film 
on the substrate 1, and then converting the thin film into the 
fine iron particles 2 through heat treatment in a reducing 
atmosphere. ST3 shows the growth of a carbon nanotube by 
chemical vapor deposition, and also schematically shows a 
multiwall carbon nanotube 3 wherein graphite cylinders wl, w2 , 
and w3 having different diameters concentrically grow from the 
fine iron particles 2 on the substrate 1. 

[0 015] As shown in ST 3, for example, when the substrate 1 having 
the fine iron particles 2 is placed in the microwave plasma 
of main reactants such as methane (CH 3 ) and hydrogen (H 2 ) gases, 
the graphite cylinders wl , w2 , and w3 having different diameters 
concentrically grow in the vertical direction from the fine 
iron particles 2 on the substrate 1, and thus the multiwall 
carbon nanotube 3 is generated. ST4 shows the structure of 
the multiwall carbon nanotube 3 composed of the graphite 
cylinders wl, w2, w3 , and w4 . As described above, when main 
reactants are used alone, only a multiwall carbon nanotube is 
generated . 

[0016] Fig. 1(b) shows the method of the present invention 
for producing single wall carbon nanotubes. ST1 and ST2 are 
the same as those in Fig. 1(a), and thus the explanations thereof 
are omitted. ST3 in Fig. 1(b) is different from ST3 in Fig. 
1(a) in that the carbon nanotube grows in a plasma containing 
main reactants and one or more reaction aids such as N 2 0, H 2 0, 
H 2 S, and CO. In this case, as shown in ST 3 in Fig. Kb), only 
the central graphite cylinder wl grows, while other cylinders 
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w2, w3, w4, and w5 scarcely grow. More specifically, the 
cylinders w2 and w3 separate from the cylinder wl and start 
growing in a direction different from the growth direction of 
the cylinder wl, but their growth shortly stops. The graphite 
5 cylinders w4 and w5 grow on the substrate 1 to surround the 
cylinder wl, but their growth shortly stops, resulting in little 
growth. In this way, the single wall carbon nanotube 4 grows. 
The phenomenon is likely due to that the endothermic reaction 
aid causes division reaction for dividing the graphite cylinders, 
10 and the termination reaction for stopping the growth of the 
divided graphite cylinders. 

[0017] Thus, according to the method of the present invention, 
endothermic reactants cause endothermic division reaction and 
termination reaction, or cause inhibition reaction for 
15 inhibiting the growth of multiple walls, thereby generating 
single wall carbon nanotubes. This allows efficient production 
of single wall carbon nanotubes. 

[0018] In the above explanation, single wall carbon nanotubes 
aregeneratedbythechemicalvapordeposition. Alternatively, 

20 single wall carbon nanotubes can be generated in the same way 
by the liquid phase deposition. Different from the chemical 
vapor deposition, the liquid phase deposition uses an organic 
liquid as a main reactant. When the organic liquid is mixed 
with the reaction aid such as N 2 0, H 2 0, H 2 S, or CO, the division 

25 reaction and termination reaction are caused to generate single 
wall carbon nanotubes. In this way, single wall carbon 
nanotubes are efficiently produced. In the above explanation, 
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five graphite cylinders, wl to w5 are used for convenience in 
explanation, but the number of the cylinders may be more than 
or less than five . 

[0019] The next section describes Example 1. Example 1 
illustrate the generation of single wall carbon nanotubes 
according to the method of the present invention for producing 
a functional nanomaterial utilizing an endothermic reactant 
according to claim 1. The (100) plane of a diamond single crystal 
substrate was washed with an organic solvent, and then the 
substrate was introduced into an ultra-high vacuum CVD apparatus 
The substrate was heated to 800°C by a hydrogen plasma method 
and heat-washed, and then iron (Fe) as a catalyst was evaporated 
onto the substrate. The iron is heated to a high temperature 
to convert into fine iron particles on the order of nanometers 
before the initiation of the growth of carbon nanotubes. The 
substrate was placed in the ultra-high vacuum CVD apparatus, 
methane and hydrogen gases as the main reactants, or the main 
reactants and a hydrogen sulfide gas as the reaction aid were 
introduced into the apparatus, and a microwave plasma was excited 
to grow carbon nanotubes. The appearances of the nanotubes 
were compared using transmission electron micrographs. 
[0020] The samples were prepared under the following three 
condi t ions . 

(1) hydrogen sulfide : methane : hydrogen = 0.000:0.500:99.500 

(2) hydrogen sulfide : methane : hydrogen = 0.100:1.000:98.900 

(3) hydrogen sulfide : methane : hydrogen = 0.255:0.500:99.245 
These ratios are molar ratios. Other conditions were all the 
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same . 

[0021] Fig. 2 shows transmission electron micrographs of 
carbon nanotubes generated from the main reactants and reaction 
aid at different ratios. Figs. 2(a), 2(b), and 2(c) are 
5 transmission electron micrographs of the samples prepared under 
the above conditions (l) f (2), and (3), respectively. In Fig. 
2(a), a carbon nanotube extends from the top right toward the 
left direction. As is evident from Fig. 2(a), the carbon 
nanotube has a diameter of about 70 \im t and its electron 

10 transparency indicates that the nanotube is a multiwall carbon 
nanotube. In Fig. 2 (b) , a carbon nanotube looks like a frilled 
corn husk extending from the bottom left toward the right 
direction. As is evident from Fig. 2(b), the carbon nanotube 
has a diameter of about 40 jim , and its electron transparency 

15 indicates that the nanotube is a single wall carbon nanotube. 
In Fig. 2 (c) , a carbon nanotube looks like a frilled corn husk. 
As is evident from Fig. 2 (c) , the carbon nanotubes has a diameter 
of about 40 jam , and its electron transparency indicates that 
the nanotube is a single wall carbon nanotube. The density 

20 and size of the frill are larger those that in Fig. 2(b). 

[0022] The frill is further described below. Fig. 3 is a high 
resolution transmission electron micrograph of the frill shown 
in Fig. 2(c). As is evident from Fig. 3, the frill and the 
nanotubes show continuous interference fringes. The 

25 interference fringes are derived from the graphite lattice. 
These facts indicate that the frill is a part of the nanotube 
walls, and is not an adherent to the nanotube. 

15 
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[0023] Fig. 4 shows the structures of the apex and diverging 
point of the frill shown in Fig. 2(c), and Fig. 4(a) is a low 
magnification transmission electron micrograph of the single 
wall nanotube shown in Fig. 2(c), and Fig. 4(b) is a high 
magnification transmission electron micrograph of the frill 
indicated by a circle in Fig. 4(a) . Fig. 4(c) shows the result 
of EELS (electron energy loss spectroscopy) on the apex and 
diverging point shown in Fig. 4(b) . InFig. 4(c) , the horizontal 
axis represents electron energy loss, and the vertical axis 
represents the number of electrons exhibiting respective energy 
loss, or the intensity. The spectra in Fig. 4(c) have been 
normalized with the peak at 291.6 eV, or the loss peak intensity 
corresponding to carbon a bonds. 

[0024] As is evident from Fig. 4(c), the peak at 285.0 eV, 
or the loss peak corresponding to carbon n bonds is larger for 
the apex than the diverging point. This fact indicates that 
the apex is composed of almost exclusively of graphite carbon, 
and the diverging point is composed of diamond-like carbon (see 
Appl. Phy. Lett. 78, 3358 (2001)). This indicates that the 
frill separates from the wall of the single wall carbon nanotube 
and grows. The frill is remarkably short, which indicates that 
the growth of the separated graphite layer is stopped by the 
termination reaction. When no endothermic reaction aid is 
added, the graphite layer, or the frill forms multiple walls 
of multiwall carbon nanotubes. 

[0025] As described above with reference to Figs. 2 to 4, when 
carbon nanotubes are generated by chemical vapor deposition, 
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addition of an endothermic reactant together with main reactants 
causes endothermic division reaction and termination reaction, 
whereby single wall carbon nanotubes are generated while 
inhibiting the growth of multiple walls. When aluminum (Al) 
5 was mixed with the nanotubes generated under the conditions 
(3) as the material reinforcer, the mechanical strength of the 
composite material was higher by 2.1 times than that of a 
composite material reinforced with multiwall nanotubes of prior 
art. The remarkable effect is likely due to that the diameter 

10 of the single wall nanotubes generated under the conditions 
(3) is smaller than that of multiwall nanotubes, and the single 
wall nanotubes generated under the conditions (3) have frills 
extending in the diagonal direction from the nanotube wall, 
thereby giving an anchoring effect. 

15 [0026] As described above, the present method allows 

large-scale production of single wall nanotubes under a very 
simple procedure and at remarkably low costs, and thus expands 
the applicability of the excellent properties of single wall 
nanotubes in various industrial fields. 

20 [0027 ] The next section describes the method of the present 
invention for producing a functional nanomaterial utilizing 
endothermic reaction according to claim 2. The method allows 
efficient conversion of multiwall carbon nanotubes into single 
wall carbon nanotubes. Fig. 5 shows the method of the present 

25 invention for converting the multiwall carbon nanotubes into 
singlewallcarbonnanotubes, andthemechanismof theconversion. 
In Fig. 5, ST1 shows a method for heat treatment, wherein a 
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multiwall carbon nanotube 3 is placed in a heat- and 
corrosiveness - resistant hermetic container 5 such as a fused 
quartz tube, an endothermic reaction aid 6 such as hydrogen 
sulfide (H 2 S) is sealed in the hermetic container 5, and the 
5 hermetic container 5 is sealed and heated at a predetermined 
temperature. The multiwall carbon nanotube 3 may be generated 
by any method as long as multiwall carbon nanotubes are generated 
ST2 shows peeling of the multiple walls of the multiwall carbon 
nanotube 3 during heat treatment, and ST3 shows a single wall 

10 carbon nanotube 4 as a final product. 

[0028] Different from the method shown in Fig. 1, the method 
shown in Fig. 5 uses nomain reactant suchasmethane orhydrogen. 
When no main reactant is added, the multiple walls of the 
multiwall carbon nanotube 3 are peeled, or peeling reaction 

15 occurs in place of the division reaction or termination reaction 
shown in Fig. 1, and the single wall carbon nanotube 4 is generated 
The peeling reaction is endothermic reaction. The chemical 
reaction speed is proportional to exp(-E/kT), wherein E is 
activation energy , T i s tempera ture , and k is Boltzmann constant , 

20 so that the change in the reaction speed by endothermic reaction 
is smaller than the change in the reaction speed by exoergic 
reaction. Accordingly, the method of the present invention 
provides good controllability on the reaction speed, and thus 
allows efficient generation of single wall carbon nanotubes. 

25 In the above explanation, the method of the present invention 
is applied to carbon nanotubes, but themethod is also applicable 
to boron nitride nanotubes and silicon carbide nanotubes. 
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[0029] The speed of the peeling reaction varies depending on 
the amount of the endothermic reaction aid 6 to be added. 
Accordingly, it is evident that multiwall nanotubes having a 
desired number of layers can be generated through the control 
of the amount of the reaction aid 6. For example, multiwall 
nanotubes having a desired number of layers can be efficiently 
generated using a controlled amount of the reaction aid 6 at 
a constant heat treatment time. The reaction aid 6 is an 
endothermic reaction aid such as N 2 0, H 2 0, H 2 S, orCO, oramixture 
of them. In the above explanation, carbon nanotubes are 
discussed, but the method is also applicable to boron nitride 
nanotubes and silicon carbide nanotubes. 

[0030] The next section describes Example 2. Example 2 
illustrate the generation of single wall carbon nanotubes from 
multiwall carbon nanotubes according to the method of the present 
invention. Test-marketed mass-produced multiwall carbon 
nanotubes were reacted with hydrogen sulfide in a quartz tube. 
The ultimate vacuum in the quartz tube before the injection 
of hydrogen sulfide was 1 x 10" 6 Pa or less, the pressure after 
the injection of hydrogen sulfide was 1 x 10" 4 Pa, and the heat 
treatment temperature was 230°C or higher. 45% or more of the 
multiwall carbon nanotubes was converted into single wall carbon 
nanotubes. When hydrogen was absorbed in the carbon nanotubes 
as a hydrogen storing material, the energy density of the 
hydrogen storing carbon nanotubes per unit weight was higher 
by about 1.05 times than that of a nickel - based hydrogen storing 
alloy. 
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[0031] As described above, according to the present method, 
single wall nanotubes are remarkably efficiently produced from 
multiwall nanotubes through a very simple procedure. Multiwall 
nanotubes can be produced on a large scale at a low cost by 
5 conventional methods. Therefore, combination of the present 
method with multiwall nanotubes produced by the conventional 
methods allows large-scale production of single wall nanotubes 
at remarkably low costs. This expands the applicability of 
the excellent properties of single wall nanotubes in various 

10 industrial fields. 

[0032] The next section describes the method of the present 
invention for producing a functional nanomaterial utilizing 
endothermic reaction according to claims 5 and 7. The method 
allows efficient generation of metal - containing fullerenes and 

15 metal - con taining mul tiwal 1 fullerenes. Fig. 6 schematically 
shows the method of the present invention for generating 
metal - con taining fullerenes, and the mechanism of the 
generation. Fig. 6(a) shows the generation from 
metal - con taining single wall carbon nanotubes, and Fig. 6(b) 

20 shows the generation from carbon nanotubes containing 

metal - con taining fullerenes. In Fig. 6(a), as shown in ST1, 
a single wall nanotube 8 containing a metal 7 was placed in 
ahermetic container 5 as shown in Fig. 5, an endothermic reaction 
aid 6 was sealed in the hermetic container 5, and then heated 

25 at a predetermined temperature. As shown in ST2, a graphite 
layer G between atoms of the metal 7 in the single wall nanotube 
8 shrinks with the lapse of the heat treatment time, and finally 
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the single wall nanotube 8 is cleaved to form fullerenes 
containing the metal 7, or me tal - containing fullerenes 9 as 
shown in ST3 . 

[0033] The next section describes the method for generating 
5 metal-containing multiwall fullerenes. As shown in Fig. 6 (b) , 
a carbon nanotube 10 containing me tal - containing fullerenes 
9 is placed in a similar hermetic container 5 as shown in Fig. 
6(a), an endothermic reaction aid 6 is sealed in the hermetic 
container 5, and heated to a predetermined temperature. As 

10 shown in Fig. 6(a), a graphite layer between metal atoms in 
the carbon nanotubes 10 gradually shrinks, and finally the carbon 
nanotubes 10 is cleaved to form fullerenes containing the 
metal - con taining fullerenes 9, or me tal - con taining multiwall 
fullerene 11. The reaction aid 6 is an endothermic reaction 

15 aid such as N 2 0, H 2 0, H 2 S, or CO, or a mixture of them. In the 
above explanation, carbon nanotubes are discussed, but the 
method is also applicable to boron nitride nanotubes and silicon 
carbide nanotubes . 

[0034] The next section described Example 3. Example 3 
20 illustrates the generation of metal - con taining fullerenes and 
metal - containing multiwall fullerenes according to the method 
of the present invention. Single wall carbon nanotubes 
containing Gd atoms were reacted with hydrogen sulfide in a 
quartz tube. The ultimate vacuum in the quartz tube before 
25 the injection of hydrogen sulfide was 1 x 10 € Pa or less, and 
the pressure after the injection of hydrogen sulfide was 1 x 
10" 4 Pa. The heat treatment temperature was 230°C or higher. 
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A 100% yield was not achieved because Gd atoms were not uniformly 
spaced in the single wall carbon nanotubes. However, the yield 
of themetal-containing fullereneswas about 20.5% of the number 
of Gd atoms. When multiwall carbon nanotubes containing 
5 Gd - containing fullerenes were treated in the same manner, the 
yield of the me tal - containing multiwall fullerenes was about 
5% to 8% of the number of the Gd- containing fullerenes. 
[0035] As described above, according to the present method, 
me tal - containing fullerenes are remarkably efficiently 

10 produced through a very simple procedure. Single wall 

nanotubes can be produced on a large scale at a low cost by 
the method according to claim 1 or 2 of the present invention, 
multiwall nanotubes can be produced on a large scale at a low 
cost by conventional methods, and multiwall nanotubes with a 

15 controlled number of layers can be produced on a large scale 
according to the method according to claim 3 of the present 
invention. Therefore, combination of the present method with 
single wall or multiwall nanotubes produced by these methods 
allows large-scale production of fullerenes at remarkably low 

20 costs. This expands the applicability of the excellent 
properties of fullerenes in various industrial fields. 
[0036] In the explanations of the methods according to claims 
2, 3, 5, and 7 of the present invention, a reaction aid is sealed 
in a hermetic container. The same result is achieved when the 

25 heat treatment is conducted in a gas flow of the reaction aid, 
or in a mixed gas flow of the reaction aid and other gas. 
[0037] 
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[Advantageous Effect of the Invention] As is understood from 
the above explanations, according to the present invention, 
single wall carbon nanotubes, single wall boron nitride 
nanotubes, single wall silicon carbide nanotubes, multiwall 
carbon nanotubes with a controlled number of layers, multiwall 
boron nitride nanotubes with a controlled number of layers, 
multiwall silicon carbide nanotubes with a controlled number 
of layers, me tal - containing fullerenes, and me tal - containing 
fullerenes with a controlled number of layers are efficiently 
generated. Single wall nanotubes and fullerenes are expected 
to serve as future new functional materials utilizing their 
unique physical properties. However, the yields provided by 
known generation methods are remarkably low, so that these 
materials have not been industrially used. The present 
invention allows the large-scale production of these materials 
in remarkably high yields, or at remarkably low costs, and will 
expand the industrial applicability of single wall nanotubes 
and fullerenes . 

[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 shows the method of the present invention for 
producing single wall carbon nanotubes, and the generation 
mechanism of single wall carbon nanotubes. 

[Fig. 2] Fig. 2 shows transmission electron micrographs of 
carbon nanotubes generated from the main reactants and reaction 
aid at different ratios. Figs. 2(a), 2(b), and 2(c) are 
transmission electron micrographs of the samples prepared under 
the conditions (1), (2), and (3), respectively. 
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[Fig. 3] Fig. 3 is a high resolution transmission electron 
micrograph of the frill shown in Fig. 2(c). 

[Fig. 4] Fig. 4 shows the structures of the apex and diverging 
point of the frill shown in Fig. 2(c), and Fig. 4(a) is a low 
magnification transmission electron micrograph of the single 
wall nanotube shown in Fig. 2(c), Fig. 4(b) is a high 
magnification transmission electron micrograph of the frill 
indicated by a circle in Fig. 4(a), and Fig. 4(c) shows the 
result of EELS (Electron Energy Loss Spectroscopy) on the apex 
and diverging point shown in Fig. 4(b). 

[Fig. 5] Fig. 5 shows the method of the present invention for 
converting the multiwall carbon nanotubes into single wall 
carbon nanotubes, and the mechanism of the conversion. 
[Fig. 6] Fig. 6 schematically shows the method of the present 
invention for generating metal - containing fullerenes, and the 
mechanism of the generation. Fig. 6(a) shows the generation 
from metal - con taining single wall carbon nanotubes, and Fig. 
6(b) shows the generation from carbon nanotubes containing 
metal -containing fullerenes. 
[Reference Numeral s] 

1 Substrate 

2 Catalyst particles 

3 Multiwall carbon nanotube 

4 Single wall nanotube 

5 Hermetic container 

6 Endothermic reaction aid 

7 Metal 
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8 Metal -containing single wall nanotube 

9 Metal - con taining fullerene 

10 Me tal - con taining multiwall nanotube 

11 Me tal - containing multiwall fullerene 
wl to w5 Graphite cylinders 

G Constriction in graphite layer 
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